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Abstract The Navy Coupled Ocean Data Assi milation (NCODA) system is applied 
to a period during the Autonomous Ocean Sampling Network U (AOSN II) fi eld 
campaign conducted in the Monterey Bay area in August 2003. The multivariate 
analysis ofNCODA is cycled with the Navy Coastal Ocean Model (NCOM) in a se~ 
quential, incremental, update cycle. In addition to the operational data obtained from 
the Global Ocean Data Assimilation Experiment (GODAE) server, which included 
satellite observalions of sea-surface temperature (SST) and sea-surface height and 
insilU surface and sub-surface observations of temperature and salinity, high-density 
data from aircraft SST observations and high-frequency data from buoys used for 
the AOSN LI field experiment are also assimilated. The results from data assimilative 
and non-assimilative runs are compared with and verified against observations. Bias 
and root-mean-square errors oftemperalUre indicate that forecast skill from the data 
assimilative run exceeds errors from the persistence and the non-assimilative runs. 
The seasonal thermocline is better represented and the warm bias for both upwelling 
and relaxation periods is significant reduced. 

1 Introduction 

Coastal ocean forecast uncertainty stems from uncertainty in the ocean model 
physics and numerics, air-sea fluxes, lateral boundary condition s, initial conditions, 
and bathymetry. To reduce the uncertainty of an ocean forecast, an ocean data as­
similation system is needed to better estimate the ocean state and model parameters 
by combining observed ocean data with the governing physics and dynamics of the 
ocean model. There are a number of ocean data assimilation schemes based on dif­
ferent theories and methods to optimally or sub-optimally provide state estimation in 
space and time. Compared 10 the use of data assimilation in meteorology, ocean data 
assimilation has a much shonerhistory. Blue water models are very well constrained 
at the surface using altimeter sea surface height (SSH). However, it is difficult to 
constrain models in coastal areas due to the inherent short time/space scales and 

X. Hong (1101) 
Marine Meteorology Division, Naval Research LaOOralOry. Monterey. CA 93943. USA 

S.K. Park. L. Xu, Data Assimilation/or Atmospheric. Oct(Jnic and Hydrologic 
Applications, DOl 10.10071978-3-540-71056-1 _14, 
© Springer-Verlag Berlin Heidel berg 2009 

269 



Report Documentation Page Form Approved
OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display a currently valid OMB control number. 

1. REPORT DATE 
2009 2. REPORT TYPE 

3. DATES COVERED 
  00-00-2009 to 00-00-2009  

4. TITLE AND SUBTITLE 
Ocean Data Assimilation: A Coastal Application 

5a. CONTRACT NUMBER 

5b. GRANT NUMBER 

5c. PROGRAM ELEMENT NUMBER 

6. AUTHOR(S) 5d. PROJECT NUMBER 

5e. TASK NUMBER 

5f. WORK UNIT NUMBER 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
Naval Research Laboratory,Marine Meteorology 
Division,Monterey,CA,93943 

8. PERFORMING ORGANIZATION
REPORT NUMBER 

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S) 

11. SPONSOR/MONITOR’S REPORT 
NUMBER(S) 

12. DISTRIBUTION/AVAILABILITY STATEMENT 
Approved for public release; distribution unlimited 

13. SUPPLEMENTARY NOTES 

14. ABSTRACT 
see report 

15. SUBJECT TERMS 

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 
ABSTRACT 
Same as

Report (SAR) 

18. NUMBER
OF PAGES 

24 

19a. NAME OF
RESPONSIBLE PERSON 

a. REPORT 
unclassified 

b. ABSTRACT 
unclassified 

c. THIS PAGE 
unclassified 

Standard Form 298 (Rev. 8-98) 
Prescribed by ANSI Std Z39-18 



270 x. Hong et al. 

lack of high frequency ocean observations (other than moorings) . In recent years, 
unprecedented in si tu observationallools, such as sophisticated autonomous robotic 
vehicles. aircraft. CODAR (Coastal Ocean Dynamics Appiicalions Radar), driflers. 
etc .. have been increasingly used to collect data qualitatively and qualltitatively in 
various coastal ocean field experi ments. These data provide opportunities for test­
ing and val idating data assimilative forecast schemes. These evaluations, in tum. 
can help to identify model deficiencies and lead to improved forecast models. 

The ocean data assimi lation system used here is NeDDA (Cummings 2(05). 
NeDDA is currently being applied in real lime at Fleet Numerical Meteorology 
and Oceanography Center (FNMOC) and at the Naval Oceanographic Office (NAV­
OCEANO). It can be executed as a stand-alone analy~is or cycled with an ocean 
forecast model in a sequential, incremental, update cycle. The ocean forecast mod­
e ls that have been cycled with NCODA include the Hybrid Coordinate Ocean Model 
(HYCOM). the Navy Coastal Ocean Model (NCOM), the parallel Ocean Prediction 
Ocean model (POP), and the Shallow Water Analysis Forecast System (SWAFS). 
which is based on the Princeton Ocean Model. In this study. the NCOM forecast 
model (Mart in 2000) is cycled with the NCODA system . 

In this application. NCOM uses initial and lateral boundary condi tions from 
the Navy's operational global NCOM fo recast system. The surface atmospheric 
forcing for NCOM is provided from real-time forecasts by the Navy's Coupled 
Ocean/Atmosphere Mesoscale Prediction System (COAMPS®)1 (Hodu r 1997). 

The execution of NeODA cycled with NCOM during a coastal field campaign is 
perfomled and evaluated in this study. The field campaign is the Autonomous Ocean 
Sampling Network (AOSN) II conducted in Monterey Bay during August 2003. The 
objective of AOSN LI is to develop an adaptive. coupled. observationaVmodeling 
prediction system capable of providing an accurate 3- to 5- day forecast of marine­
biology events. The regional c irculation near the Monterey Bay can be described 
in two distinct hydrographic states: upwelling state and relaxed state. The up­
welling is driven by the prevailing nonhlnorthweslerly wind (i.e., directed towards 
the south/southeast). Two upwelling centers are fonned al headlands to Ihe north of 
the bay al Point Ano Nuevo and south al Point Sur. During the upwelling periods, 
there is a cyclonic c irculation (or eddy. Tseng and Breaker 2(07) in the bay and an 
anticyclonic California Current meander. also sometimes referred to as the Mon­
terey Bay Eddy (Ramp et al. 2005). offshore of the bay. When the wind relaxes, the 
upwelling reduces. and the offshore eddy moves into the bay and inte racts with the 
flow over the shelf. 

The mespscale circulations in the vicinity of Monterey Bay are highly complex 
and variable. It is difficult to model these features correctl y due to the errors resulted 
from model dynamics, model resolution. bathymetry, atmospheric forcing and la!­
cral boundary conditions. Fortunately. we have a data assimi lation system in place 
so that data collected from the field ex.periment can be used for data assimilative 
simulation 10 compensate the drawback in numerical simulation. The purposes of 
this work are to use observational data obtained from the AOSN 11 field campaign to 
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perfonn data assimilative simulation of upwelling/relaxation processes in Ihe vicin­
ity of MOnlerey Bay and to assess the skill of the data assimilative simulation. 

Section 2 briefly describes the components of Ihe ocean data-assimilation system. 
The ~onfiguration of the data-assim ilation system is described in Sect. 3. Informa­
tion about the observations that are assimilated is provided in Se~t. 4. Results from 
the assimilative simulation are discussed and compared with the obsen'ation from 
the ADSN n field experimenr in Sect. 5. Yerifkation and evaluation of the ocean 
data assimilation system are shown in Sect. 6. Sununary and conclusions are pre· 
sented in Sect. 7. . 

2 Brief Description of Each Component 

2.1 NCODA 

NCDDA is a fully three·dimensional, multivariate, optimum~interpolation (MYOI) 
(Daley 1991) ocean-data assimilation system that produces simultaneous analyses 
of temperature. salinity, geopotential (dynamic height), and vector velocity. A com­
plete description of NCDDA can be found in Cummings (2005). The formulation 
is as: 

(I) 

where "a is the analysis vector, "b is the background vector, Pb is the background­
error covariance matrix, H is the forward operator, R is the observation error covari­
ance matrix , and y is the observation vector. 

The observation vector y contains all of the synoptic tempemture, salinity, and 
velocity observations that are within the geographi~ and time domains of the fore­
cast model grid and update cycle. The forward operator II is a spatial interpolation 
of the forecast model grid to the observation locations performed in three dimen­
sions. Thus, HPbHT is approximated directly by the background-error covariance 
between the observation locations, and PbHT directly by the error covariance be­
tween Ihe observation and grid locations. The quantity {y - H (Xb)} is referred 10 as 
the innovation vector, {y - H (xa)} is the residual vector, and Xa - Xb is the increment 
(or correction) vector. 

The background-error covariances are separated into a background-error vari­
ance and a correlation. The correlation is further separated into a horizontal and 
a vertical component. NCODA uses flow-dependence covariances in the analysis 
by scaling the horizontal and vertical correlations with a correlation computed from 
the geopotential height difference between two locations. The horizontal correlation 
length-scales are specified as the first baroclinic Rossby radius of deformation com­
puted from the historical profile archive (Chelton et a!. 1998). ·rne vertical correla­
tion length-scales can be either constant (used in this study), monolOnically increas­
ing or decreasing with depth, or varying with background density vertical gradienrs. 
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All analysis variables use the same background~eITor second-order autoregressive 
correlation model for calculating the horizontal correlations. 

Background-error variances vary with location. depth , and analysis variable. 
They are re lated 10 the analysis incremeniS and expectations based on the age of 
the data on the grid. The background-error variances are allowed 10 increase with 
lime in the long-ternl absence of observations unlil the errors asymptote allhe limit 
of the expected variance, specified as either climate variability or model error. The 
climate variabil ity is specified in this study due to me lack of availability of model 
error from the global NCOM system. 

The observation errors and the background errors are assumed to be uncorre­
lated, and errors associated with observations made at differenllocations and at dif­
ferent times are also assumed to be uncorrelated. Observation errors are computed 
as the sum of a measurement error and a representation errOT. Most measurement­
error variances are specified as input parameters based on fairly well-known ocean 
observing errors. One exception is for the geopotential observations. Geopotential 
errors are computed from the observation errors of the potential temperature and 
salinity, using the partial derivatives of the equation of stale. Representation errors 
are a function of the resolutions of the model and of the observing network. 

Altimeter sea surface height (SSH) is assimilated from synthetic temperature 
profiles computed using the Modular Ocean Data Assimilation System (MODAS) 
database. MODAS provides the time-averaged co-variability of SSH and tempera­
ture at depth at a fixed location (Fox et a1. 2002). 

All ocean observations are subject to data quality-control (QC) procedures prior 
to assimilation. The need for quality control is fundamental in me analysis system; 
erroneous data can cause an incorrect analysis, whi le rejecting extreme data can 
mi ss important events. The primary purpose of the QC system is 10 identify obser­
vations that are obviously in error, as well as the more difficult process of identifying 
measurements that fall wimin valid and reasonable ranges, but are erroneous. A sec­
ondary use of the QC system is the creation and maintenance of an analysis-forecast 
increment database for use in the a posteriori computation of the optimum interpo­
lation statistical parameters. A detailed descri ption of the real-time QC system can 
be found in Cummings (2006). 

2.2 NCOM 

NCOM is a three-dimensional, primitive equation. free-surface model using the hy­
drostat~c, Boussinesq, and incompressible approximations. Details of the model de­
scription can be found in Martin (2000). NCOM is designed to offer the user a 
range of numerical choices in tems of parameteri zations, numerical differencing, 
and vertical grid structure. NCOM uses a hybrid vertical coordinate system, which 
allows for the use of all sigma-layers, or all z·levels. or a combination of the sigma­
layers for the upper ocean and z-levels below. The model equations are solved on a 
staggered, Arakawa C-grid. Temporal differencing is leap-frog with an Asselin filter 
to suppress time splitting. Spatial averages and fin ite differences arc mainly second 
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order with an option for higher-order formulations for advection. The propagation 
of surface waves and vertical diffusion is treated implicitl y. The Mellor-Yamada 
Level 2.5 turbulence scheme is used for vertical mixing. NCOM forcing includes 
surface air-sea fluxes, lateral open boundary cond itions, tides, and river and runoff 
discharges. 

NCOM has been applied to many locations. including the Adriatic Sea (Pu llen 
et al. 2003) and Monterey Bay (Shulman et al. 2007) to study fine-scale oceanic fea­
tures under atmospheric forcing with different resolution, and the Gu lf of Lion to 
study the effects of time variation of the surface buoyancy flux on the fonnation of 
deep-water convection during the winter season (Hong et al. 2(08). A recent appli­
cation is the development of NCOM ensemble forecasting (Hong and Bishop 2005) 
using the ensemble transform technique (B ishop and Toth 1999) and adaptive sam­
pling for coastal observations (Hong and Bishop 2006) using the ensemble trans­
form Kalmar filt er method (Bishop et al. 2(01). 

2.3 Atmospheric forcing 

The atmospheric forcing fo r NCOM consists of the surface air pressure, wind stress. 
heat flux , and effective surface salt flux for the momentum. temperature. and salin­
ity equations. For this study, these are provided from COAMPS atmospheric fore­
casts in hourly freque ncy. COAMPS is a fully compressible. nonhydrostatic. prim­
itive equation model based on a staggered, C grid and solved using a time-splitting 
tcchnique with a semi-implicit formulation for the vertical acoustic modes (Ho­
dur 1997; Hodur et al. 2002; Doyle et al. 2(08). A Robert time filter is used to 
damp the computational mode. All derivati ves are computed to second-order ac­
curacy and options are provided for forth-order accurate horizontal advection and 
diffusion. COAMPS uses parameterization schemes for subgrid-scale convection. 
shortwave and longwave radiation processes, and mixed-phase cloud microphysics. 
A three-dimensional, multivariate. optimum-interpolation (MVOl), analysis tech­
nique is used to map the observations 10 the model grid and generate the initial con­
ditions for the forecast model for each data assimilation cycle. Quali ty-controlled 
data used in the analysis are radiosonde, aircraft, satellite, and surface observations. 
Additional information about the atmospheric model sct-up and forecast skill during 
AOSN 11 is discussed in Doyle el al. (2008). 

To allow some interactive feedback from the ocean model, the surface latent and 
sensible heat fluxes for NCOM are computed from the COAMPS wind speed and air 
temperature and humidity and the NCOM-predicted sea-surface temperature (SST) 
using the drag cocfficient from the standard bulk fonnulas of Kondo (1975) (Manin 
and Hodur 2(03). The surface salt flux for NCOM is calculated from the computed 
latent heat flux and the COAMPS precipitation. The extinction of solar radiation in 
seawater as classified by Jerlov (1976) according to turbidity was used in the model 
with six optical types to define the subsurface penetration of the COAMPS solar 
radiation. 
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3 Configuration 

The computational domain, grid projection. and horizontal resolution for NCODA 
and NCOM are the same (Q minimi7..e the errors from the horizontal intcrpolaljon of 
fields between the twO systems. The ocean-model domain ..:-overs both the Monterey 
and San Francisco Bay areas (Fig. la) and is within the innermost grid ofCQAMPS 
(Fig. Ib) (e.g. Doyle et al. 2008). The grid projection is Lambert confonnal with 
a horizontal spaci ng of 3 km. In the vertical, NCOM lIseS a tota l of 40 layers with 
15 sigma-Inyers in the upper ocean and 25 z-levels in the deeper water. The vertical 
rewlution ranges frOIll I to 500 Ill . NCODA uses 30 standard depth levels wi th ,\ 
maximum depth of 3000 Ill. The horizontal grid size for both NCODA and NCOM 
is 96 x 168. The 1/8" global NCOM real-time nowcast for I Augusl 2003 is used to 
start NCOM before data as.<;i mjJation cycle takes place. The lateral boundary condi­
tions for the regional NCOM <Ire also supplied from the global NCOM and updated 
at a 3 h frequency. 111c lateral boundary conditions are· important for providing large­
scale forcing, such as C .. tifomi<lcurrent, through theopen boundaries of the regional 
model. 

The COAMPS forecas ts are produced twice daily out to nh using a 12h, 
incremcntal. data-assimil<lt ion cycle all a quadmplc-nestcd grid systcm wi lh hOr­
izontal resolutions of 81. 27, 9, and 3 km (Fig. lb). The innermost grid has di­
mensions 199 x 199 x 30. The COAMP$ surface fi elds from the innermost nest 
with high-resolution <Ire output on an hourly ba.<;is to force NCOM. 1lle high­
resolution CQAM PS surface wi nds provide good representation of the n:l.rrow 
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tlg.2 COA I\f1>S 10 III wind speed ( 11I~ - I) v:l lid :lt 23Z Augu~1 11.2003 fm lll Ihe innermost ncs i 
with hOritonlai IcsuJulion of 3 km 

bands (aboul 10 by 50km) of slrong wind $(ress and wind stress curl (Fig. 2). 
which are very important to Ihe gelleration of upwelling along the Ca lifomia 
coaSI (Pickett aud Paduan 2003). These narrow bands are para llel 10 the coast 
and adjacen t to major California coastal promontories. causi ng upwelling throug.h 
Ekman transport. Observrttions of SST from satellites have shown th rt t cold-water 
plumes off northern California are frequentl y anchored (0 cO:Jst:Jlwpography (Kell y 
1985). 

The assimilative system is pcrfon ned in a sequential inuemental update cycle 
with an update interval of24 h. NCODA uses NCOM 24 h foreC:lst fields of temper­
ature. sal inlt y and velocily as firs t guess fields and assimi lates all avai lable observa­
tions wi thin the update-cycle time window so that it allows the use of background 
inform:llion closest to the observation lime. The allalysis fields are used 10 initialize 
Ihe NCOM fo recast at each analysis time. 

In order 10 qU:Jnlify Ihe illlprovemeni of the forecast by dala assimilation. twO 
experiments are conducted for entire month of Augm t 2003. The (i rsl experiment is 
run with data a~s i mi lation and produces 72 h foreca~1 al each analysis update time 
based on a 24 h update cycle. The second experiment is a case with NCOM being 
inlegraled forward from Allgll.~ t 1 to 3 1, 2003 wilhout any dat.'1 assimilation. The 
first experiment is referred to as the "assimilative run". while the second one is 
referred 10 as the "non-assimilatjve IUn". 
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4 Observations 

Observations lIsed in the ocean analysis include all sources of opemt ional ocea n ob­
$ervations. They contain remotely-sensed SST from AV HRR GAC infr:tred smellitc, 
sea surface height from satellite 'l ltimeters , in ~itu ~urface nnd sub-surface observa­
tions of temperature and salini ty from n variety of sou rces, such as ships. buoys. 
ex pendable bathythermographs, and conduc tivity- temperature-depth senso~. A de­
scription of the operational data sonrces can be fo und in Table I in Cummings 
(2005). Wc display here the types. paths. locations of observation data for one 
panicular nnaly sis time as an example in Fig. 3. The number of observations for 
each analysis cycle is also prov ided in the validation ~ec tion. These data have been 
quality controlled and archived in the Global Ocean Data Ass imilation Experimcm 
(GO DAE) server hosted by t.he Fleet Numerical Meteorology and Oceanography 
Center (FNMOC). 

In add ition to the ope rational observations. airc ra ft SST data collected during 
the AOSN 11 fie ld campaign in August 1003 by the N:lVul Postgraduate Sc hool 
(NPS) (Ramp 2003) and continuous lime series of datll from the MBARI buoys In I 
(Chavez 2003a) and m2 (Chavez 2003b) are also assimilated. The airbonle mea­
suremellls we re made using a twin-engi ne, eight-seat, Piper Navajo owned ::l1Id op­
erated by Gibbs Flite Center (Ramp et al. 2005). The plane typically flew below the 
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qU;I~i-permaoenl , sum mertime. stratu~ deck and provided a spatial context for the 
rel;Jtive spar~ in situ observations. The airborne data were collected at I Hz reso­
lution and included pressure. lemperature, dew point. relative humidity, and SST. 
A Heitronks KT-1 9 infrared r;,d i<l tion pyrometer was used to me<lsure SST with 
O. loe precision and O.SoC absolute ;Iccuracy. Sample ::l ircrllft p;Jths for J 3 August 
2003 are shown using red-dashed lilies in Fig. 3. There are a total of 12 daily fl ighls 
Juring the August 2003 AOSN II fi eld ex perime nt. from whkh Ihe me<lsured SSTs 
are quali ty controlled alld ass imilated ill th is study. 

The m I and JIl2 MBARJ buoys arc located:ll (36.75°N, 122.03°W) and (36.TN, 
122.39°W) (green-asteri sks in Fig. 3), respectively. Both of the moorings' provide 
data in rcal time from the surface to 300 rn at !D-min inte rva ls. These h.igh-frequency 
lempermure and salinity profi les from m I and fil2 are quality controlled and assim­
ilated in this study. 

5 Comparisons of Assimilative Results with Observations 

The upwelling/rel axation features during the AOSN 11 experimeut in August 2003 
are explored using the resu lts from the data assimilative simulati on. At this rime. 
the winds over Monterey Bay can be described as perioos thar are upwell ing favor­
able with nOJ1h1northwcslcrly or upwelling unfavor:lb1e with sou th/southwesterly 
(see Doyle ct 31. 2008) . The corre~ponding wind stresses are shown iu Fig. 4 :1. 
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ar(>;J i~ within 36.2_37.2°N and 123-12!.6°W 
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As a result. the regional circu lation corresponds to an upwelling state and a re­
laxation stale. The winds in earl y August are nOI favorable for upwelli ng. From 
August ? to 19. 1he prev<li ling north/northwesterly wi nds (Le. , directed towards the 
south/soutbeast) :tre re-established and induce upwelling. Wanner su rface wmers 
are forced offshorc. allowing cold waters [ 0 rise to the surface l1e<lr the coasl. The 
surface temperature <lveraged over the Monterey B<lY are·a is significantly reduced 
and the averaged surface c urre nt speed increases (Fig. 4b, c). From August 20 to 24, 
the winds <lrc 1ighlwith a south or southwest directioll, resulting in relax<lt ion con­
d itions. During this period, upwelling <l loug the coast d iminished and the warm off­
sho re water movcd sho reward. The <lrea-avernged surface tcmperarure inc re,1Ses and 
surface currcnt speed dec re:lscs. During Ule laner p0l1ion of August. there is a ~horl 
period of upwelling when the northwesterly wi nd is onset again around the bay. 

Signific:lJlt diurnal fluctuations in upweWng occur during the data assimilative 
si Illul<ltioll associ:l.led with diu mal fluctuations in the surface arrno;;pheric condit ions 
(see Fi g. 5). These resemble a classic sea-breeze circulation pattern forced by large 
surface heating diffe rence.<; betwee.n the coaSla lmarinc atmosphe re and the Central 
Val ley (Bania et aL 1993). In Fig. 5. at the no rth upwelli ng center (Po int Ano Neuvo) 
the simul ated SST decreascs ;md tJle sea-su rface salini ty (SSS) increases during the 
upwelling period and vice versa during the relaxation period. The diurnal fluctua­
tions for wind stress, SST. and SSS arc superimposed on the longer-period ch'Ulges 
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Fig. 5 HOtJr ly (a) sW"f:lce wi rKI stress. (b) ttmperoIlJI(, and (e) sal ini l )' ~ 1 Poim Ano Ncuvo 



OC"e~n Dnta Assimilation: A Coastnl Application 279 

associated with the upwelling and relaxation events. The peak upwelling takes place 
on August 16 as indicated by the lowest surface temperature and salinity. 

5.1 Upwelling Period 

Two upwelling centers develop off Point Ano Nuevo ,md Point Sur during the up­
welling period from 7 to 19 August. Figure 6a shows the SST forecast for 18 h (valid 
at 18Z August 15, 2003) using the a.~simil<lTion of observed d<lta as shown in Fig . 3. 
The assimilation reali stically depicts the signarure of the upwelling si nce it has been 
proceeding for several days. 'nle coldest upwelled water in ule upwelling center oft" 
Po inl Ana Nuevo reaches I J.5 °C at thi s time. Large hori zont:l\ SST gradients oc­
cur between the upwelled cold water and tbe offshore warm waler. A cold longue 
of upwelled water off Point Ana Nnevo is advected southward across the mouth 
of Monterey Bay. The plume of upwelled cold water extends southward and joins 
wilh Ihe upwelled cold water fro m Point Sur, resulling in a large. cold-water region 

110 "I , • • ,,~ .. . , .. tI . "I ,/0 ". ,n tI . ,,. 

Fig. 6 (a) SST from 18 h rore1:3S( valiU.ll1 18ZAuguSt 15.2003. (b) NOAA POES AYHRR HR PT 
SST at 1858Z August IS. 2003 (NOAA POES AYHRR, Counc:sy NWS and NOAA Cooslwatch) 
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located just off {he C0.1 <:1. Upwelled cold water also may have advected seaward as 
suggested in a previous ob~rvMiona l study (Rosenfe ld et al. 1994). 

The NCOM SST Misimibt ivc fo ree,lsls are compared with the Coastwatch SST 
produced from the AVI-IRR High Resolution Picture Transmission (HRPT) dala and 
broadcasted contiolLotisly by the Polar Orbiting Env ironment,,1 Satell ites (POES) 
by NOAA's National Environmental Satellite, 0 313, and Info nnatiOIl Service (N ES­
DIS) (see Fig. 6b). The HRPT data have a resolution of 1. 1 km and arc mappetl to 
a lmost full resolution in the produc tion of the Coast Watch AV HRR visible, infrared, 
nod SST images. The AV HRR HRPT SST data are not used in the dat<i. assimilation 
experimen ts. but the 4-km global area cover..tgc (GAC) SST retrievals from several 
NOAA SaleUiles are a~i tni1at ed. The basic observed fearu res are captured by the 
NCOM forecast as displayed in Fig. 6a fo r the 18 h SST forecast vaijd al the satel­
lite observational time (Fig. 6b). These include ( I) strong upwelli ng off Point Ano 
Neuvo and Point Sur, (2) upwelled wa ter advcctcd southward across Ihe mouth of 
Monterey Bay thai jo ined with cold wate r from Point Sur, and (3) wan ner offshore 
water udvectcd toward the mouth of Monterey Bay. 

Figure 7 shows a vertical cross section of forecast temperature at 18 h along 
37.05° N at 18Z August 15,2003. The isopleths of temperature are sloped up­
ward towards the coast, indicating that the upper-layer wam} water is pushed 
offshore and deep cold water is brought to the surface by Ekman tramport and 
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Fig. 8 2S h mClill from 5Z Augu~~ 1510 6Z August 162003 for (3) NCOM sun<lCC lcmper'1Iurc: 
and currcnt. (b) HF rad<1f ~unace current wilh AVHRR-<:ieri,-.::d SST (P-Jduan :lfId Lipphard l 2003). 
The approxilllated IOCC<11ions of cyclonic ccnlCIS are Illarked ~s "," 

pumping (Pickett and Paduan 2003). An upwelling front exists between the up­
welled and offshore water with a characteristic gradient of 5"C per IOOkm across 
the front. 

The NCOM (orecast surface current was :llso compared with the NPS mean HF 
radar surface currents (Paduan and Lipphardt 2003). The HF radar surface curre nt 
data were nOI used in lhe data :lssimilatiOIl. The comparison of surface current was 
made for a 25 h mean from 52 August 15 to 62 August 16. 2003 during the peak 
of tJle upwelling event (Fig. S). The forccast model shows tJlat cold. upwelled water 
from Point Ano Nuevo was advected across and into the mouth of Monterey Bay 
and joined with cold water off Point Sur south of M011lerey any (Fig. Sa). Both the 
model and the HF radar show a cyclonic c ircu lat ion in the b.1Y. However. the size of 
the cyclonic circulation is smal ler in the model and its locatjon is confined wi thin Ihe 
northe rn part of Ihe bay. This may be caused by the stronger, southeastward current 
in the model simulation thai advected cold water into the. southern part of Monterey 
Bay. The model resu lts show the warm w:Her offshore in the area of anli ·cyclonic 
dn.:ulation to be advocled furthe r to the south and closer to the bay. The larger area 
of cold water in the sOllthern part of Monterey Bay and the stronger warm offshore 
meander cou ld be due to insufficient mode l resolutions in both atmospheric and 
ocean models. 

5.2 Relaxation Period 

An an ti-cyclonic meander within Ihe c:.Hfornia current moves coas!w~lrd and cold 
upwelled water is replaced by warm offshore water duri ng the re laxat ion period. 
Figure 9n indicates thnt warm wnteroccupied the most area with temperatures above 
16°C at the surface. Cold water st ill exists in both upwelljng centers; however, the 
area l extent is considerably reduced as can be seen from !lIe model forecast (Fig. 9a) 
nllli from the AVHRR SSTs (Fig. 9b) wi th the coldest water temperature not le~ 

than 14"C. Since there is milch less data available for this period :"IS will be seen 



(a) (b) 

'35 '. 0 " 5 150 '55 . 60 '85 17 0 175 ,. 0 ' 1 5 

.-lg.9 (II) NCOM SST irom ISh forecast valid at 18Z August 24. 2003. (b) NOAA POES AVHRR HRPT SST at 1856Z AuguSt 24. 2003 (NOAA POES 
AVHRR. Courtesy NWS and NOAA Coaslwatch) 
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in the va lidation section. the erro rs in the model representation o f the rel;lxation 
episode is most likely due to errors in the atmospheric forcing. 

The isoplcths of temperature slope downward tow;lrds the coast du ri ng the re­
laxation stage (Fig. 10). indicating that offshore wann water is ad vected to the 
nearshore. Downwel ling forced the upper-layer water downward following the slope 
of the topography. The upwelling front is located near the coasl. W:1rl1l watcr re­
capped the surface layer in the original upwelling area. There sti ll exist smaller 
temperature gradients across the front with about a 2.0°C difference. 

The 25 h mean NCOM forecast from 5Z August 25 10 6Z August 26. 2003 for 
a relaxed state is compared to the 25 h mean HF radar observation for the same 
time period (Fig. I I ). Bo th the model and the data show slightly colder water in the 
southern part of the bay. a cyclonic circulation inside the bay. and an an ti-cyclonic 
cin:ulaliou outside the bay. The size ,md strength of these two circul:lIions are silu­
ilM in the HF radar ana lysis. However. the forecast model shows a smaller current 
speed for the cyc lonic circulation inside the bay than for lhe anti-cyclonic circula­
tio n o utside the bay. Th is again could be a resul t o f the coarse horizomal resolution 
used in the NCOM. The high frequency HF radar can provide sign ificant detail of 
the surface CUlTcnt in Monterey Boy ::lIld allow mesoscaJe features, like coastal ed­
dies to be resolved with muc h more accuracy than an array o f current me ters. In the 
future. these CUrTent data will be used in tbe assimilation. 
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Fig. to Ven ical cross section of !emper.lllire along 37.O"N on 18 Z AUgu.sl 1 S. 2003 as 3 dashed­
line ~hown in Fig. 9 
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Fig. II 25 h m~an from 52 AuguSt 25 !O 6Z August 26. 2003 for (:II ) NCOM surface temperature 
and currem. (b ) HF radar surface curre n1 with AVHRR derived SST (P-.vJuan and Lipphardt 2(03) 
Th.; appro)( im:Ued locations of cyclonic C(: llIer.; are marked as ...... 

6 Validalion 

The innovations and residuals for all assimilaled observations are saved at the end 
of each update cycle so thm assessmeot of the impact of the a~"i ll1ilation on the skill 
of the forecast can be made and the fit of the analYSis 10 specific observations or 
observing systems can be evall1ated. 

The innovation and residual rool-mean-square error (RMSE) and bias for any 
analysis or forecast varitlbles are calculated as: 

RAlSE ~ J*IH(X)-YJ' 
I 

bias=-;v{H(x)-y} 

(2) 

(3) 

where N is the number of observation data used in the analysiS and x represelllS any 
analysiS or forec:)sl variable. 

Time series of innovation and residual bias and RMSE for SST and temperarure 
averaged over depth are shown in Fi g. 12. Figure [2a and 12b show SST RMS and 
mean bias errors decreasing with time during the first 3-5 days of the assi mil~tlion . 

After this time the SST innovati on errors tend to stabilize suggesting that the model 
is accepting and retaining information from assimil:ltion of lhe data. The mean SST 
innovation RMS error for the entire month is O.73°C, with a mean bias error of 
~O. 11°C. The analysis consistently reduces forecast errOr!> throughout the as.simila­
tion time period. Mean SST residual RMS :'lJ1d bias errors 3re O.28°C and ~0.01 0c. 
respect ively. Similar patterns of reduction in RMS and mean bias errors from the 
forecast to the anal ysis are $Cell forternperature at depth (Fig. 12c, d), although re l­
atively few Sllbsurfflce observations were available. Nevertheless. forecast RMSE 
errors at depth are reduced from 0.95 to O.35 °C :)nd forecast mean bias errors are 
reduced from 0.07 [0 ~O.OI °C by the <lnalysis. SST forec<lst errors tend to be large 
following periods when few observational dat<l ure avail::tble for the assimi lat ion 
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Fig. 12 (a) RMSE wId 
(b) bias for SST innovlltion 
and re~id\la!. (c) RMSE ~nd 
(d) bia~ for lcmpcrulure 
innovalion and residual. :md 
(e) number of observation for 
SST and lclllpcr~1Ure 

---... ~ " r'=C-~'"-'~"-------,.",,,",.,"-------------, 
2 (0) SST IhlSE 
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'00' "r-----------------------------, 
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(compare forcc<lSI errors o n AuguSI 22 wilh dilla counts on Augusl 20) . This sug­
gests that the high surface variabililY a~sociated with upwelling and relaxation pro­
ceSses in the Monterey Bay will require continuous observatio ns in order to 01<lil1[3in 
forec<lsl SK ill at 2 days. FurUler, the lac k o f forecasi sk ill during Ihe transition slage 

between upwelling and relaxation that started on August 20 may also be related 10 
inaccuracies in the ocean mudel and the IItmospheric forc ing. 

The consistenl reduction in RMS error from the forecusl to Ihe <lssimilatiOn 
lhroughoUl the a.~sim i l alion lime perioo g iven the c hanges in observatio n locMions 
is lin indication of:l stable analysis/forecast system . Th is result is funher indicated 
by the zero residual mean b i a.~ errors over all upthllc cycles in conjunction with 
monthly averaged in novation bias errors that are essentially zero. A zero residual 
mean bias is ;"t n expected outcome from :l least squares procedure such a..~ optimum 
ill1erpolati lln. A non-zero residual mean bias wou ld be an ind ication of problems in 
the implemematilln of lhe analysis algorilhm or in the pre-processing of the obser­
vatio ns. A near zero innovado ll mean bias provides good evidence that. on average. 
the assimi lative ocean model does not have lUlY systematic Dlodel errors al the 24 h 
update c)'de forecast period . 
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TIle forecast skill is evaluated by comparing the model RIvISE m lead forec<1~t 
times of 24. 48. ;l11d 72 h wi lh Ihe RMSE from persisting the previous analysi s 
(noweasl) for the same lead time. TIle validatiOl1time period is from 2 to 3 1 August 
with an update assimilati on cycle every 24 h, which yields 30 anal yses. The forecast 
;l11d persistence RM$E for SST <1 re summarized from the domain mean values as 
shown in Fig. 13. The forecast RMSE from non-ass imilati ve nm is included and 
displayed as red solid Ii.ne. The resu lts show that model forecasts of SST are more 
skillfu l than persistence when data assi nulation is perfomlcd. The SST forecast im­
provement over persistence is more signi ficant as the forecast lead time increa~es, 
indicaliog that the persistence becomes less imponant. The forecast RMSEs from 
non-assi milat ive nm is considerably larger than those from assimi lative run at the 
first d:lY. but with sma ll cha nges for increased forecast lead time. At day 3. much 
smal ler difference or the SST RMSE between :lssimilative and non-assinUlative duc· 
to the impnct of the data from the as~imiiat LOIl is tos t. over time. Tbe e rTor statistics 
indicate that the forecast ski ll from data assimilative nm in Monterey Bay is about 2 
days. The forcing has :lJl i.mpact at day 3 as compared to per.;istence where forcing 
changes are not applied . 

Results from dat<l :Issimilative run and non-assimilative nm are compared with 
independent observ:ui Olls fro m the RN Point Sur CfD of MBARI (Haddock 
et al. 2003) on 20 August 2003 as shown in Fig. 14. Figure 14f displays 7 posi­
ti ons (position 4 and 5 are almos t overlapl>cd) for providing observed temjXrature 
profiles. The cross section" of temperature in Fig. 14a. b, c are plotted from posi­
cion I to 7. The observations show a shallow thermocline caused by previous up­
welling processes, resulting in a very strong venica! grad ient of temperature in the 
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Fig. 14 Cross section of lenlperatlJre on August 20, 2003 from (a) non·l.Issimitative run. (b) a,,~il1l' 
ilatJvc run, and (I;) RiV Point Sur CTD of /<'ffiARI. The differences between NCOM forecasts and 
indep..' ndcnl RIV Point Sur CTD ohservation are ~hown in (d) for non · as~ imilative run and (e) for 
assimilat ive rub. The ship po.<;i( ion ~ are shown in (I) 

upper surface layer (Fig. l4c). Colder water wi th a temperature of 10°C is located 
at about 60 m. There is a much smoother thermocline from the nOtt~assimilative mn 

(Fig. l4a), showing a much smaller vertical gradient of te rnperatllfe in th t: upper 
layer. A beller thermocl ine with a larger ven ical gradienl of temperatu re closer to 
Ihe observation is oblained frolll the assimilat ive nm (Fig. 14b). The tempcramre 
contou r of lOoC is about 80 and 20 m deeper from non-ass imilative :lIId assimilative 
runs, respectively. indicating warmer temper::Jturcs in the upper layers. The temper­
ature differences between the model resuhs and observations reveal a huge model 
bias inlhe non-assimi1:lI ive run (Fig. 14d). Both the bias m;tgnilude :Iud ils spatial 
extent are reduced for the model nms wi th data assimi lation (Fig. 14e). 

The mean SST biases for the non-assimilative and ass imilati ve runs are dissected 
for upwelling and relaxation periods to inspect the forecast !:kills corresponding to 
diffe rent ocean dynamic processes. (Fig. 15). The bias of 24 h forecas t is averaged 
for the time period from AuguSt ? to 19 fo r the upwelli ng and from August 20 10 
24 for the relaxation. The analysis tields from the datn assimilative roo with aU lIle 
avai lable data assimilated are used as the "true" state. NCOM model has very good 
forecas t skill for the upwelling center at Point Ana Nuevo. but much less skillfu l in 
the south upwell ing center (Fig. 15). Tills leads \0 a warmer temperature than ob­
servation in the south as shown in Fig. 6. Subslanlia l bias during re laxation period 
(Fig. ISb) denotes that model is less ski llfut in response to Ihe transi tion period from 
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Fig.. 15 Mean SST bi:ls of 24 h fore.:asl for nOIl·assimilat ive IUn during (.a ) upwelling period and 
(b) re la.l al ioll period. arod fOl" as~im i lat ive run during (c) upwelling period and (d) rcl;u;alion period 

upwelling to relaxation wind regime. The errors have larger horizonta l scale during 
the upwell ing (Fig. 15:1), indic3ting ocean response to the larger .<;cale wind forcing, 
and smaller d uring the relaxation. indicating ocean dynamics dominates the circu­
lalion. The biases for both upwelli ng and relaxation periods are reduced for assim­
ilative run, especial ly for the relaxation period with the maximum value decreased 
froUl 2.75 \0 J .25°C. The assim ilation of both operation<ll and AOSN II experimen­
lOl l data gives better initial conditions and reduced fo recast elTOrs (Fi g. ISh. d). 

The mean bia$ e rrors and RMSE of temperature based o n the observation fro m 
moorings m I and m2 for data assimilative run and non-assimilative run during up­
welling and relaxation periods for 24, 48, and 72 h forecasts are displayed in Fig. 16. 
In general. both mean bias and RMSE are smaller for the upwelling and relaxation 
periods when data assimilation is perfonned. The d ifference is more appare nt in 
the seasonal thermocl ine due to its large variabi li ty and uncertainty and the model 
couJd misplace it in the simu[:ltion. The errors increase with forecast periods. how­
ever, they show relatively small error growth. Tht! bias errors from non-assi milative 
mn are smaller than assilllil;ltive run in the surface layer during the upwelling pe­
riod. This could be due 10 the model response fair ly well 10 the upwelling favorable 
winds. Similar to the SST bias, there is a lot worse forecas t skill during the re­
laxation period than the upweLling period due to the transition of driv ing forcillg 
between the wind and ocean dynamics. 
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7 Summary 

This paper presents results from an ocean model (NCOM) and a cycling ocean data 
assimilation system (NCODA) ;n the MOlllerey Bay area in conjunction with the 
AOSN U field campaign. The multivariate analysis of NCODA is cycled with the 
ocean forecast model NCOM in a sequential. incrementa] , update cycle. In addi­
tion to operational ocean data from the GODAE server, which include remotely 
se.nsed SST ;md SSH and in sinr surface and sub-surface observations of tempera­
ture :md sali nity, the assimilated data included high~density aircraft SST data and 
high- frequency buoy data from the AOSN n field experimenL The ocean fore­
cast model used hourly atmospheric forcing from COAMPS and 3-hourly Imera.! 
boundary conditions from Globa! NCOM. An assi.mllative run was sel up to cycle 
NCODA and NCOM for the entire month of Au gUSt 2003, and results are com­
pared with a non-assimilati ve NCQM run. The Global NCOM nowCast at OOZ 
August I 2003 was used to initialize NCOM for the non-assimilative mn and for 
the first forecast (before data assimi lation cycle) of the assinuJative run. Statis­
tics for simple persistence, forecast skill , and perfomlallCe measures of the data 
assimilation are provided to validate and evaluate the NCOM-NCODA cycling 
system. 

Results from the data assimilative run are compared with the NOAA POES 
AVHRR SSTs and the temporally-averaged HF radar surface curren ts. Both of 
these sets of observations were independent of the model assimilation. The as­
simi lative resu lts are comparable with the observations in capturing the detailed 
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coastal features such as upwelling and relaxation processes forced by the atmo­
spheric winds during the lale summer lime period off Point Ano Nuevo and Point 
Sur in the vic inity of Monterey Bay. There are significant diurnal nuctuations in 
these processes. During the upwelling period, the upwelled cold water at the sur­
face off Poinl Ano Nuevo reaches II .SoC with a strong upwelling front posi­
tioned between the upwelled and offshore water. The cold water tran sports through 
the mouth of Monterey Bay and joins with the cold water upwelled from Point 
Sur, fomling a cyclonic c irculati on inside the Monterey Bay. During the relax­
ation period, the upwelled cold water diminishes and is rep laced with wann wa­
ler from offshore with temperature greater than 16°C in most of the region. A cy­
clonic circulation pattern fomls inside the bay during the relaxation phase, with 
an anti-cyclonic circulation outside the bay. These relaxation phase features are 
well si mulated but with a smaller current speed in the inshore cyclone than what is 
observed. 

Diagnosis of the analysis residual with respect to the forecast background error 
shows that the analysis improves the model initial conditions. The mean innoya­
tion RMSE and bias of SST and temperature at depth are reduced from the anal­
ysis. The data assimilative forecast is more ski llful than the persistence and the 
non-assimilative run. The data assimilative run is able to simulate a thermocline 
layer as observed from the RIV Point Sur CfD of MBAR! better than the non­
assimilative run. 

Stati stics from forecast s of August 2003 denote thaI NCOM has more proficient 
forecast skill during the upwelling period and less sk ilful during the transition pe­
riod from upwelling to relaxation wind regime. The biases for both upwelling and 
relaxation periods are reduced by data assimilation, with a most significant reduc­
lion of wann bias from 2.75 to 1.25°C for the relaxation period. The mosl imponant 
improvement in forecast due to the data assimilation is reflected for the seasonal 
thermocline, where large variability and uncertainty ex ist due to the strong nonlin­
earity and turbulence. 

The results motivate the need to increase the model resolut ions in the future in 
order to improve the forecast skill of the strength of upwelling, upwelling transpon 
and areal extent of upwelling cente r. An accurate forecast is very imponant in the 
data assim ilation system so that the assimi lated data can be dynam icall y incorpo­
rated inlo the model trajectory. 

Data assimilation with addition data in the coastal area has show very promising 
results by reducing bia.<; errors and RMSE in both upwelling and relaxat ion periods, 
and in the upper seasonal thermocline layer. Other data collected from the AOSN n 
field campaign, such as glider data and HF radar data are very useful for providing 
vertical structure and surface current of upwelling and relaxation. We will explore 
the assimilation of these data sets in our future work . 
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